Hypertension (HTN) doubles the risk of Alzheimer's disease (AD), but the mechanisms remain unclear. Amyloid-(A), a key pathogenic factor in AD, induces cerebrovascular dysfunction. We hypothesized that HTN acts in concert with A to amplify its deleterious cerebrovascular effects and to increase A production. Infusion of angiotensin II (ANGII; intravenously) elevated blood pressure and attenuated the cerebral blood flow (CBF) response to whisker stimulation or the endothelium-dependent vasodilator acetylcholine (ACh) (P < 0.05). Neocortical application of A in mice receiving ANGII worsened the responses to ACh (P < 0.05). The cerebrovascular dysfunction observed in Tg2576 mice, in which A is elevated both in blood and in brain due to expression of mutated amyloid precursor protein (APP), was not aggravated by neocortical application of ANGII or by a 2-week administration of 'slow pressor' of ANGII (600 ng/kg per minute; subcutaneously). In contrast, ANGII aggravated the dysfunction in TgSwDI mice, in which A is increased only in brain. Slow-pressor ANGII induced microvascular amyloid deposition in Tg2576 mice and enhanced -secretase APP cleavage. In Chinese hamster ovary (CHO) cells producing A, ANGII increased -secretase activity, A1-42, and the A42/40 ratio. We conclude that HTN enhances amyloidogenic APP processing, effects that may contribute to the pathogenic interaction between HTN and AD.
Introduction
There is increasing evidence that Alzheimer's disease (AD), the leading cause of dementia in the elderly, results from multiple pathogenic factors including structural and functional alterations of cerebral blood vessels. 1, 2, 3 Thus, impairment of cerebral blood flow (CBF) and alterations in blood-brain barrier function have been observed in AD, even in the presymptomatic stages of the disease. 4, 5, 6 Furthermore, epidemiologic and clinico-pathologic studies have suggested that vascular risk factors increase the risk of AD, 7, 8 and that improved vascular health may underlie the recently reported decrease in AD prevalence. 9 Finally, amyloid-(A), the main constituent of amyloid plaques and a key pathogenic factor in AD, has potent effects on cerebral blood vessels resulting in disruption of critical regulatory mechanisms of the cerebral circulation, such as the increase in CBF produced by neural activity and the ability of endothelial cells to regulate microvascular flow. 10, 11, 12 These findings have increased the awareness of the role of vascular dysfunction in AD and have raised the possibility that aggressive control of vascular risk factors may delay the onset or slow down the progression of this devastating disease. 13, 14 Hypertension is one of the vascular risk factors implicated in AD. 8, 15 Midlife HTN increases the risk for AD later in life, and HTN has been associated with increased amyloid deposition and neurofibrillary tangles, neuropathologic hallmarks of AD. 16, 17 Furthermore, studies in experimental models have showed that HTN increases A formation and amyloid accumulation. 18, 19 Hypertension disrupts the structure and function of cerebral blood vessels, 15 which could act in concert with the vascular effects of A to aggravate cerebral perfusion and increase the susceptibility of the brain to injury. However, little is known about how HTN interacts with the vascular effects of A and with the molecular mechanisms of amyloidogenesis.
In this study, we sought to examine the impact of HTN on the vascular dysfunction induced by A to gain insight into whether HTN may interact synergistically with A to worsen the ability of cerebral blood vessels to regulate blood flow. Furthermore, we used in vivo and in vitro approaches to examine whether HTN enhances A production and amyloid accumulation. We found that, in some models, HTN aggravates the neurovascular dysfunction induced by A and, at the same time, increases the cleavage of A from the amyloid precursor protein (APP). The findings shed further light on the pathogenic interactions between HTN and A and provide potential mechanistic bases for the increased risk of AD associated with HTN.
Materials and methods Mice
The methods used in this study have been described in detail in previous publications from this laboratory, 20, 21 and are briefly summarized. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College and conducted in accordance with ARRIVE guidelines (http://www.nc3rs.org/ARRIVE) and Weill Cornell Medical College guidelines, which are based on the National Institutes of Health (NIH) guide for care and use of laboratory animals. Experiments were performed in male C57BL/6, Tg2576, and Tg-SwDI male mice at 3 months of age. 22 In Tg2576 mice, A is elevated both in plasma and in brain. However, in TgSwDI mice A is increased only in brain, but to a level higher than in Tg2576 mice. 22 In studies with transgenic mice, age-matched littermates were used as controls.
Osmotic Minipumps and DOCA Pellets Implantation
In some mice, osmotic minipumps containing vehicle (saline) or ANGII (600 ng/kg per minute) were implanted subcutaneously (n ¼ 5/group) under isoflurane anesthesia. Systolic blood pressure was monitored in awake mice using tail-cuff plethysmography, as previously described. 21 In other studies, mice were anesthetized by isoflurane inhalation for subcutaneous implantation of a 50-mg pellet of DOCA (21-day release, Innovative Research of America) or sham implantation. 23 After recovery from anesthesia, animals were maintained on standard chow and ad libitum access to 0.9% NaCl in tap water. Control animals were maintained on standard chow and ad libitum access to tap water. After ANGII pumps or DOCA pellets implantation (14 and 21 days, respectively), the mice were anesthetized and instrumented for assessment of cerebrovascular reactivity by laser-Doppler flowmetry as described in Monitoring cerebral blood flow.
General Surgical Procedures for Cerebral Blood Flow Studies
Mice were anesthetized with isoflurane in a mixture of N 2 and O 2 (Induction, 5%; Maintenance, 2%). The trachea was intubated and mice were artificially ventilated with an oxygen-nitrogen mixture. The O 2 concentration in the mixture was adjusted to provide an arterial pO 2 (PaO 2 ) of 120 to 130 mmHg. One of the femoral arteries was cannulated for recording mean arterial pressure (MAP) and collecting blood samples. Rectal temperature was maintained at 37 C using a thermostatically controlled rectal probe connected to a heating pad. End tidal CO 2 , monitored by a CO 2 analyzer (Capstar-100, CWE Inc., Ardmore, PA, USA), was maintained at 2.6% to 2.7% to provide a pCO 2 of 33 to 36 mmHg. After surgery, isoflurane was discontinued and anesthesia was maintained with urethane (750 mg/kg, intraperitoneally) and chloralose (50 mg/kg, intraperitoneally). Throughout the experiment, the level of anesthesia was monitored by testing corneal reflexes and motor responses to tail pinch.
Monitoring Cerebral Blood Flow
A small craniotomy (2 Â 2 mm) was performed to expose the parietal cortex, the dura was removed, and the site was superfused with Ringer's solution (37 C; pH 7.3 to 7.4; composition in mmol/L: 137 NaCl, 5 KCl, 1 MgCl 2 , 1.95 Na 2 HPO 3 , 15 NaHCO 3 , 2 CaCl 2 ). Cerebral blood flow was continuously monitored at the site of superfusion with a laser-Doppler probe (Perimed, Ardmore, PA, USA) positioned stereotaxically on the cortical surface. The outputs of the flowmeter and blood pressure transducer were connected to a data acquisition system (PowerLab, Colorado Springs, CO, USA) and saved on a computer for off-line analysis. Ccerebral blood flow values were expressed as percentage increases relative to the resting level. Zero values for CBF were obtained after the heart was stopped by an overdose of isoflurane at the end of the experiment. Although laser Doppler flowmetry is not quantitative, it monitors relative changes in CBF quite accurately.
Experimental Protocol for Cerebral Blood Flow Experiments
After MAP and blood gases were stable (pCO 2 : 33 to 36 mmHg; pO 2 : 120 to 130 mmHg; pH: 7.3 to 7.4), the cranial window was superfused with Ringer's solution (vehicle), and CBF responses were recorded. To minimize the confounding effects of anesthesia on vascular reactivity, the time interval between the administration of urethane-chloralose and the testing of CBF responses was kept consistent among the different groups of mice studied. The whisker-barrel cortex was activated for 60 seconds by stroking the contralateral vibrissae, and the evoked changes in CBF were recorded. The endothelium-dependent vasodilator acetylcholine (ACh; 10 mmol/L; Sigma, St Louis, MO, USA) or the smooth muscle relaxant adenosine (400 mmol/L; Sigma) was superfused on the exposed neocortex for 5 minutes. In some studies, CBF responses were tested before and after 30 to 45 minutes of superfusion with A (5 mmol/L) 24 or 30 to 45 minutes of intravenous infusion of ANGII (0.25 mg/kg per minute). 20 
Detection of Cerebral Amyloid Angiopathy
For the detection of cerebral amyloid angiopathy, mice (n ¼ 3 per group) were perfused transcardially with phosphate-buffered saline followed by 4% paraformaldehyde in phosphate-buffered saline. Brains were removed and postfixed in the same fixative overnight at 4 C. Free-floating coronal brain sections (thickness, 40 mm) were cut through the somatosensory cortex using a vibratome. After mounting on slides and postfixation with 4% paraformaldehyde in phosphate-buffered saline for 10 minutes, brain sections were washed and labeled with 0.05% (wt/vol) thioflavine-S in 50% (vol/ vol) ethanol for 10 minutes to identify cerebral amyloid angiopathy. A Leica confocal microscope was used to visualize the FITC signal associated with thioflavine-S. 25 
Cell Cultures and Western Blot
Chinese hamster ovary (CHO) cells overexpressing the human V717F mutant APP 26 were incubated with ANGII (0.5 to 2.5 mmol/L) in serum-free medium overnight. After incubation, the cell culture medium was collected for A assay by ELISA and the cells were lysed. After protein concentration determination, equal amount of proteins was loaded and separated in a 4% to 16% polyacrylamide gradient gel and transferred onto a PVDF membrane. The membrane was incubated with an antibody specific for the -CTF (RU369). 27 This is a widely used model well suited to assess quantitatively changes in APP processing. 26 
Amyloid-Measurement
Brain tissues were homogenized in RIPA buffer supplemented with protease inhibitor cocktail followed by centrifugation (20,000 Â g) for 15 minutes at 4 C. The supernatants were transferred to new tubes and the lysis buffer was added to the pellets and homogenized again. After centrifugation, the supernatants were combined and used to determine the SDS soluble A contents. To extract SDS insoluble A in the pellets, guanidine solution (5 mol/L guanidine-HCl, 50 mM Tris-Cl, pH 8.0, protease inhibitor cocktail) was added to the pellets and homogenized. After incubation in cold room overnight on a shaking platform, the solutions were centrifuged 20,000 Â g for 15 minutes at room temperature. The supernatants were used to assay for SDS insoluble A. A40 and 42 in the culture medium were quantitatively determined by a sandwich ELISA as described 27 with commercially available assay plates.
Data Analysis
Sample size was determined according to power analysis based on the previous studies published by our laboratory on CBF regulation. No animal was excluded from the study. Animals were randomly assigned to treatment and control groups and analysis was performed in a blinded manner. Data are expressed as mean AE s.e.m. Intergroup differences were analyzed using the analysis of variance with Tukey's post-hoc analysis, as appropriate. Differences were considered statistically significant for P < 0.05.
Results

Neocortical Application of Amyloid-Exacerbates the Neurovascular Dysfunction Induced by Acute Angiotensin II Administration
First, we examined the effect of neocortical application of A in a model of acute HTN induced by intravenous administration of ANGII. 28 We have previously established that the cerebrovascular effects of ANGII in this model depend on NADPH oxidase-derived reactive oxygen species (ROS) in cerebral endothelial cells. 28 ANGII elevated MAP and attenuated the increase in CBF evoked by whisker stimulation or topical application of the endothelium-dependent vasodilator ACh ( Figures 1A to 1C ). The CBF increase induced by topical application of the smooth muscle relaxant adenosine was not affected ( Figure 1D ). In agreement with the previous studies, 24 neocortical application of A also attenuated functional hyperemia and the response to ACh, without affecting the response to adenosine. However, A application in mice receiving ANGII exacerbated the attenuation of the CBF response to ACh, but not whisker stimulation ( Figures 1B and 1C ).
Next, we also examined the effect of topical A in a model of HTN in which subpressor doses of ANGII are administered for 2 weeks using osmotic minipumps (slow-pressor HTN). 21, 29 In this model, the neurovascular dysfunction involves central autonomic pathways and release of vasopressin leading to increases in ROS in brain cells as well as vascular and perivascular cells. 21, 29 When tested separately, ANGII or A attenuated the responses to whisker stimulation and ACh, but when A was tested in mice treated with ANGII the cerebrovascular dysfunction was not enhanced (Figures 2A to 2D ).
Neocortical Application of Amyloid-Exacerbates the Neurovascular Dysfunction Induced by DOCA-Salt Hypertension
Next, we sought to establish whether A could enhance neurovascular dysfunction in a model of HTN independent of circulating ANGII. To this end, we used a model of DOCA-salt HTN characterized by salt and water retention, and reduced circulating levels of ANGII. 23 Mice treated with the DOCA-salt protocol developed an increase in blood pressure after 7 to 14 days ( Figures 3A and 3B ). DOCA-salt HTN attenuated the increase in CBF induced by whisker stimulation or ACh, but did not affect the response to adenosine (Figures 3C to 3E) . Neocortical application of A in DOCA-salt treated mice attenuated further the response to ACh, but not whisker stimulation ( Figures 3C and 3D) . These data indicate that A exacerbates the cerebrovascular dysfunction also in a model of HTN independent of circulating ANGII.
Slow-Pressor Angiotensin II Hypertension Does Not Exacerbate Cerebrovascular Dysfunction in Tg2576 Mice
In these studies, we tested whether ANGII exacerbates cerebrovascular dysfunction in Tg2576 mice, which have elevated levels of A in blood and brain. 22 In agreement with the previous studies, Tg2576 mice exhibited impaired responses to whisker stimulation and ACh (Figures 4A to 4F) . Administration of slowpressor doses of ANGII did not cause additive dysfunction in Tg2576 mice ( Figures 4E and 4F) . Similarly, neocortical application of ANGII did not aggravate the neurovascular alterations observed in these mice ( Figures 4B and 4C ). Therefore, ANGII did not worsen cerebrovascular dysfunction in Tg2576 mice.
Angiotensin II Administration Worsens Cerebrovascular Dysfunction in TgSwDI Mice
Next, we examined the effects of ANGII HTN in TgSwDi mice, a model in which A is elevated only in brain and not in blood. 22 Cerebrovascular responses to whisker stimulation and ACh were attenuated in these mice, as previously reported ( Figure 5 ). 22 Acute administration of ANGII increased blood pressure equally in WT and TgSwDI mice, and exacerbated the increase in CBF induced by whisker stimulation, but not ACh (Figures 5E and 5F ). In contrast, slow-pressor ANGII HTN did not worsen the cerebrovascular dysfunction in TgSwDI mice ( Figures 5B and 5C ). 
Angiotensin II Increases -Secretase Cleavage of Amyloid Precursor Protein and Promotes Amyloidogenesis
Angiotensin II hypertension could also contribute to AD by promoting A accumulation, 19 as also reported in a model of HTN induced by aortic coartation. 18 To address this issue, we examined the effect of slowpressor ANGII HTN on amyloid pathology in Tg2576 mice at 6 months of age when amyloid deposition is not yet present. 30 We found that ANGII increases amyloid deposition in cerebrovascular profiles as revealed by thioflavin-S staining ( Figure 6A ). To determine whether ANGII promotes amyloidogenic APP cleavage in wild-type (WT) mice, we examined the effect of subpressor ANGII HTN on the -CTF fragment of APP, reflecting -secretase cleavage 31 and we found that ANGII increases the -CTF ( Figure 6B ).
To provide more direct evidence of an effect of ANGII on -secretase activity, we used CHO cells expressing a mutated form of APP and producing A oligomers. 26 Consistent with the findings in vivo, ANGII increases the -CTF fragment of APP. Angiotensin II also increases A 1-42 and reduced A , resulting in a marked increase of the A 42 / A 40 ratio ( Figures 6C to 6E) , a major determinant of A toxicity. 32 These observations establish that ANGII has potent effects on APP processing that promote amyloidogenesis.
Discussion
New Findings of the Study
This paper reported several novel findings. First, we found that neocortical application of A exacerbates the endothelial dysfunction associated with the elevation in blood pressure caused by acute intravenous administration of ANGII, but neocortical application of A did not exacerbate the vasomotor dysfunction induced by slow-pressor doses of ANGII. We also found that the HTN induced by DOCA salt is associated with neurovascular dysfunction, which is exacerbated by neocortical application of A, suggesting that the deleterious interaction between HTN and A occurs also in a model of HTN independent of circulating ANGII. We then examined the effect of ANGII in mouse models of endogenous A overproduction. In Tg2576 mice, in which A is increased both in blood and in brain, ANGII, either topically applied to the neocortex or in the slow-pressor model, failed to induce additional dysfunction. However, in TgSwDI mice, in which A is increased only in brain, ANGII enhanced the dysfunction when administered acutely, but not chronically in the slow-pressor model. Finally, we explored the possibility that HTN may also promote A accumulation in brain. Consistent with this hypothesis, we found that slow-pressor ANGII HTN increases A deposition in cerebral blood vessels of Tg2576 mice. Furthermore, ANGII increased the -CTF fragment of APP in WT mice, suggesting enhanced -secretase APP processing. Supporting an effect on -secretase activity, ANGII increased the -CTF in CHO cells expressing mutated APP, and increased A production and the A42/40 ratio. These observations, collectively, provide the first demonstration that A aggravates the cerebrovascular dysfunction induced by acute administration of ANGII and DOCA-salt HTN, and that ANGII is able to promote amyloidogenesis by enhancing -secretase-dependent APP processing.
Vascular and Parenchymal Components of the Cerebrovascular Dysfunction
In wild-type mice in which both A and ANGII were administered, worsening of the vascular dysfunction was observed depending on whether ANGII was administered acutely or chronically (slow-pressor model). Thus, we found that topical application of A aggravates the vasomotor dysfunction induced by ANGII only in the acute administration model and not in the slow-pressor model. Since the elevation in blood pressure does not have a role in the neurovascular dysfunction induced by ANGII, 28, 29 it is unlikely that the difference in the effects of A can be attributed to differences in the time course and magnitude of the blood pressure elevation. However, there are important differences in the mechanisms of the neurovascular dysfunction in these models of ANGII HTN. The neurovascular dysfunction induced by acute ANGII administration is mediated by a direct action of ANGII on the endothelium leading to ROS production, 28 whereas the dysfunction induced by slow-pressor ANGII involves both brain tissue and endothelial generation of ROS. 29 Although ROS was not measured in the present paper, one possibility is that topical application of A is able to aggravate the dysfunction induced by intravenous angiotensin II by triggering ROS generation from the brain tissue. In contrast, in slow-pressor ANGII administration parenchymal ROS production is already increased and topical application of A would be unable to increased ROS further. This hypothesis is supported by experiments in transgenic mice overexpressing mutated APP. In Tg2576 mice, in which A is increased both in blood and in brain, ANGII was unable to worsen the dysfunction, whereas in TgSwDi mice, in which A is increased only in brain, ANGII is able to aggravate the vasomotor deficit. A similar result was obtained in a study on the vascular effects of brain versus intravascular A, in which intravascular administration of A aggravated the cerebrovascular dysfunction in TgSwDI mice, but not in Tg2576 mice. 22 These observations, collectively, support to the hypothesis that the vascular dysfunction depends on distinct endothelial and parenchymal/perivascular factors. Several lines of evidence suggest that the cross-talk between the ANGII and the AGE-RAGE system may have a role in the deleterious effects of HTN. 33 Furthermore, HTN induced by aortic coartation increases A deposition through oxidative stress RAGE 18 highlighting the importance of the AGE-RAGE and HTN cross talk in the interaction between HTN and AD pathology.
Effects of Angiotensin II on Amyloid Precursor Protein Cleavage and Amyloid-Production
We also found that ANGII treatment increases the cleavage of APP both in vivo and in vitro and enhances A deposition in vivo. Thus, in wild-type mice ANGII increases -CTF in brain and promotes microvascular deposition of A in Tg2576 mice. In vitro, exposure to ANGII of CHO cells genetically engineered to secrete A oligomers 26 leads to increased -secretase activity, as reflected by increased -CTF. The effect was associated with elevated levels of A 1-42 and an increase in the A 42/40, which is a key determinant of A aggregation and neurotoxicity. 32, 34 Therefore, ANGII is also able to enhance APP cleavage and to increase the toxic potential of A by altering the A 42/40 ratio. Although a link between HTN, vascular oxidative stress and amyloid was previously established, 18, 19 the present results show a previously unrecognized effect of ANGII on -secretase processing of APP, which may provide the molecular bases for the effect of HTN on amyloid pathology and AD risk. 8, 16 However, the specific molecular mechanisms of the effects of ANGII on -secretase cleavage remain to be determined. Possibilities, to be examined in future studies, include ANGII-induced activation of AT1 receptors and NADPH oxidase-2-dependent ROS production, which may enhance APP cleavage and A production. 35 Alternatively, ANGII HTN could upregulate -secretase expression, as it has been reported to occur in hypoxia. 36 However, since ANGII HTN does not increase -secretase mRNA expression, 37 this possibility seems unlikely. Furthermore, it is unclear whether the vascular dysfunction induced by A and ANGII could leads to a level of brain hypoxia sufficient to promote APP -secretase cleavage. 36 
Implications for Hypertension as a Risk Factor for Alzheimer's Disease
Inasmuch as ANGII has a role in human HTN 38, 39 and not withstanding the limitations of the short-term HTN models used in the present study, our findings suggest that HTN can influence AD pathology through different mechanisms. On the one hand, HTN could promote vascular A accumulation by enhancing the vascular dysfunction induced by A and reducing A vascular and perivascular clearance, 15 with the caveat that additive vascular effects are observed only in selected models. However, as shown here, HTN can promote A production by enhancing APP cleavage at the -secretase site. These experimental observations are in agreement with data in patients demonstrating that HTN increases the amyloid deposition assessed by amyloid imaging, an effect attenuated by antihypertensive treatment. 16 Consistent with an effect of ANGII on brain A homeostasis, inhibitors of the renin-angiotensin system have been shown to reduce amyloid accumulation in mouse models. 40 However, randomized clinical trials have reported conflicting results on the efficacy of renin-angiotensin system inhibitors on AD progression, 14 and larger clinical trials in wellcharacterized patients with proper cognitive assessment and longer follow-up are needed.
Conclusions
We investigated the interaction between HTN and A in cerebrovascular function and the effect of ANGII HTN on APP processing. We found that acute administration of ANGII or DOCA-salt HTN aggravates the cerebrovascular effects of A in WT mice or in TgSwDI mice with elevated brain levels of A. Angiotensin II enhanced APP cleavage at the -secretase site and promoted vascular A accumulation in vivo. While reduced A clearance secondary neurovascular dysfunction may have a role, increased -secretase APP cleavage resulting in increased A production could also be factor. Taking together, these novel data provide insight into potential mechanisms by which HTN may promote AD, and provide the rational bases for further clinical studies assessing the impact of blood pressure control on the progression of AD.
